Abstract Small heat shock proteins (sHSPs) constitute a large, diverse, and functionally uncharacterized family of heat shock proteins. To gain insight regarding the function of sHSPs in insects, we identified genes encoding two sHSPs, Cshsp22.9b and Cshsp24.3, from the rice pest Chilo suppressalis. The cDNAs of Cshsp22.9b and Cshsp24.3 encoded proteins of 206 and 216 amino acids with isoelectric points of 5.79 and 9.28, respectively. Further characterization indicated that both Cshsp22.9b and Cshsp24.3 lacked introns. Real-time quantitative PCR indicated that Cshsp22.9b and Cshsp24.3 were expressed at higher levels within the fat body as compared to other tissues (head, epidermis, foregut, midgut, hindgut, Malpighian tubules, and hemocytes). Expression of Cshsp22.9b and Cshsp24.3 was lowest in the hindgut and Malpighian tubules, respectively. Cshsp22.9b and Cshsp24.3 showed identical patterns in response to thermal stress from −11 to 43°C, and both genes were up-regulated by hot and cold temperatures. The mRNA (messenger ribonucleic acid) expression levels of Cshsp22.9b (KY701308) and Cshsp24.3 (KY701309) were highest after a 2-h exposure at 39°C and started to decline at 42°C. In response to cold temperatures, both Cshsp22.9b and Cshsp24.3 showed maximal expression after a 2-h exposure to −3°C. The two Cshsps were more responsive to hot than cold temperature stress and were not induced by mildly cold or warm temperatures. In conclusion, Cshsp22.9b and Cshsp24.3 could play a very important role in the regulation of physiological activities in C. suppressalis that are impacted by environmental stimuli.
Introduction
Small heat shock proteins (sHSPs) are a superfamily of proteins that exhibit a larger variation in sequence, structure, size, and function as compared to other types of HSPs (de Jong et al. 1998; Franck et al. 2004 ). Small HSPs occur in both prokaryotes and eukaryotes (Kim et al. 1998; Aevermann and Waters 2008; Waters et al. 2008) and range in size from 12 to 43 kDa (van Montfort et al. 2001; Basha et al. 2012) . Small HSPs contain a conserved α-crystalline domain of approximately 90 amino acids with variation in the N-and C-terminal extensions (Stromer et al. 2004 ). These proteins can form massive oligomers with a dynamic tetrameric structure, consequently. They can bind denatured proteins and function as molecular chaperones during exposure to abiotic stressors such as extreme temperature, drought, oxidation, hypertonic stress, UV radiation, and heavy metals (Horwitz 1992; Gusev et al. 2002; Franck et al. 2004; Haslbeck et al. 2005 ). After Tissiéres first described sHSPs in Drosophila melanogaster (Tissières et al. 1974) , genes encoding sHSPs have been cloned and studied in multiple insect species. In addition to mediating thermal stress, insect sHSPs presumably play an important role in metamorphosis, development, diapause, and the insect immune response (Jakob and Buchner 1994; Hayward et al. 2005; Song et al. 2006; Huang and Kang 2007; Rinehart et al. 2007; Gu et al. 2012; Lu et al. 2014) . However, our knowledge regarding the role of sHSPs is primarily focused on a few model insects (Krebs and Holbrook 2001; Sørensen et al. 2003) , and little is known about the biological functions of sHSPs in other insect species (Bakthisaran et al. 2015) .
The striped stem borer, Chilo suppressalis (Walker) (Insecta: Lepidoptera: Pyralidae), is one of the most damaging insect pests of rice and causes huge economic losses. Genes encoding three large and five small HSPs were previously identified in C. suppressalis and presumably function in temperature stress (Cui et al. 2010a (Cui et al. , 2010b Sonoda et al. 2006a Sonoda et al. , 2006b Lu et al. 2014) . In the present study, we identified two additional genes encoding sHSPs in C. suppressalis and described their genomic and characteristics. Furthermore, we compared the differential expression of these two genes in various insect tissues or organs and examined their response to thermal stress.
Materials and methods

Insects
The C. suppressalis populations used in this investigation were collected from Yangzhou (32.39°N, 119.42°E) and reared in an environmental chamber at 27 ± 1°C with a 16:8 (light/dark) photoperiod and 70 ± 5% relative humidity.
RNA extraction, RT-PCR, and RACE
Total RNA of C. suppressalis was extracted using the SV Total RNA isolation system (Promega, USA). The concentration and quality of RNA were determined by agarose gel elect r o p h o r e s i s a n d s p e c t r o p h o t o m e t r y ( E p p e n d o r f BioPhotometer plus, Germany). Total RNA was transcribed into cDNA using oligo(dT) 18 primers (Fermentas, Canada). The partial sequences of genes encoding two novel sHSPs were downloaded from the C. suppressalis database (http:// www.insect-genome.com/data/detail.php?id=7) (Yin et al. 2014) . Basing on ChiloDB, some undefined small heat shock protein genes from C. suppressalis were searched, and they were compared with the previous five shsps (Lu et al. 2014) . Finally, two new partial sequences of Cshsp22.9b and Cshsp24.3 were identified. Based on these sequences, specific primers of the two genes were designed and synthesized (Table 1) . The full-length cDNAs of the genes encoding the two sHSPs were determined using 5′-and 3′-RACE (SMART RACE, Clontech); primer sequences are shown in Table 1 . The full-length sequences of both genes were confirmed by 5′-RACE.
Characterization of the genomes
The genomic DNA of C. suppressalis was extracted with the Axyprep™ multisource Genomic DNA Kit (Axygen, USA).
We designed pairs of specific primers using the full-length cDNAs to amplify Cshsps genomic fragments. The target products were purified with a gel extraction kit (Axygen, USA), cloned into PGEM-T Easy vector (Promega, USA), and transformed into competent Escherichia coli DH5α cells. After confirmation by PCR, positive clones containing the target genes were extracted and sent to ThermoFisher (Shanghai) for sequencing.
Sample preparation
Fifth instar larvae of similar body size (n = 10) were randomly selected to minimize variation in this experiment, which focused on eight tissues within the same insect life stage. Heads (HE), epidermis (EP), fat body (FB), foregut (FG), midgut (MG), hindgut (HG), Malpighian tubules (MT), and hemocytes (HC) were dissected from larvae and rinsed in 0.9% sodium chloride (HCs were collected from larvae anesthetized on ice prior to dissection). Each experiment contained four replicates, and all samples were frozen immediately in liquid nitrogen and stored at −80°C until needed for RNA extraction.
Temperature treatment
Larvae (n = 30) were placed individually in glass tubes and exposed to a range of temperatures (−11, −9, −8, −6, −3, 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, and 43°C) for 2 h in a constant-temperature subzero incubator (DC-3010; Jiangnan Equipment). After exposure, larvae were allowed to recover at 27°C for 2 h, and survivors were frozen immediately in liquid nitrogen and stored at −80°C. Larvae exposed to 27°C were included as a control. Each treatment included four biological replications.
Quantitative real-time PCR
Total RNA was extracted using the SV Total RNA isolation system (Promega Z3100) and treated with DNase to eliminate DNA contamination. The integrity of RNA in all samples was verified by comparing ribosomal RNA bands in ethidium bromide-stained gels. RNA purity was evaluated by spectrophotometry (Eppendorf BioPhotometer plus) at 260 and 280 nm. Real-time PCR reactions were conducted using the Bio-Rad CFX-96 Real-time PCR system (Bio-Rad, USA). Reactions were performed in a 20-μL volume containing 10 μL of iTaq™ Universal SYBR® Green Supermix (BioRad, USA), 6 μL ddH 2 O, 1 μL of each gene-specific primer (Table 1) , and 2 μL of cDNA templates. The amplification efficiencies of the target and reference genes were similar (Bustin et al. 2009; Nolan et al. 2006) . The quantity of Cshsps mRNA was calculated using the 2 −ΔΔCt method and normalized to the abundance of histone 3 (H3) and elongation factor 1 (EF1) genes for tissues or organs and temperature treatment, respectively ). Head and larvae maintained at 27°C were used as controls (Schmittgen and Tamura 2008) . Following qPCR, the homogeneity of PCR products was confirmed by melting curve analysis, which was calculated every 5 s per 0.5°C increment from 65 to 95°C. Each PCR reaction included three replicates.
Bioinformatic analysis
Open reading frames (ORFs) were identified using ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder/). CLUSTALX software was used to align deduced amino acid sequences. The predicted small heat shock protein sequences were analyzed using the Translate, Compute pI/MW, and Blast sequence analysis tools of the ExPASy Molecular Biology Server (Swiss Institute of Bioinformatics). Amino acid sequences were used to estimate phylogeny using neighbor-joining, minimum evolution, maximum likelihood, and maximum parsimony methods. Phylogenetic trees were constructed with 1000 bootstrap replicates using MEGA 7.0 (Kumar et al. 2016 ).
Statistical analysis
Homogeneity of variances among various groups was evaluated by Levene's test. Significance between treatments was assessed using a Tukey test (homogeneity of variances).
Data was analyzed using SPSS 16.0 software (Pallant 2005) and denoted as means ± SE (standard error).
Results
Cloning, characterization, and structure of two Cshsps
Two genes encoding small heat shock proteins, Cshsp22.9b and Cshsp24.3, were sequenced from C. suppressalis and deposited in GenBank as accession nos. KY701308 and KY701309, respectively. The full-length cDNA of Cshsp22.9b is 872 bp and contains a 110-bp 5′ UTR, a 141-bp 3′ UTR, and a 621-bp coding sequence. Cshsp22.9b encodes a protein of 206 amino acids with a theoretical molecular mass of 22.9 kDa and a predicted pI of 5.79. The full-length cDNA of Cshsp24.3 is 821 bp and contains an 8-bp 5′ UTR, a 162-bp 3′ UTR, and a 651-bp coding sequence. Cshsp24.3 encodes a protein of 216 amino acids with a theoretical molecular mass of 24.3 kDa and a predicted pI of 9.28. CsHSP22.9b and CsHSP24.3 both contained a conserved α-crystalline domain that is characteristic of small heat shock proteins. CsHSP22.9b possessed a variable N-terminal region (amino acid residues 1-81), a conserved α-crystalline domain (residues 82-164), and a C-terminal extension (residues 165-206) (Fig. 1 ). CsHSP24.3 possessed a variable N-terminal region (residues 1-97), a conserved α-crystalline domain (residues 98-180), and a C-terminal extension (residues 181-216) (Fig. 2) . CsHSP22.9b and CsHSP24.3 both contained a V/P/I motif near the C-terminal end (Figs. 1 and 2), and they showed less than 50% amino acid similarity. 
Phylogenetic analysis
To analyze the relatedness of the two CsHSPs with sHSPs in other Lepidopteran insects, we constructed four phylogenetic trees using neighbor-joining, minimum evolution, maximum likelihood, and maximum parsimony methods. Analysis using CLUSTALX and MEGA 7.0 revealed four phylogenetic trees with a similar trend. The two sHSPs of C. suppressalis were assigned to separate clusters; CsHSP22.9b grouped with BmHSP23.7, and CsHSP24.3 was assigned to a larger group that contained several orthologs of Lepidopteran HSP19.8 proteins (Fig. 3) .
Genomic structure of C. suppressalis
The cDNA and genomic DNA sequences of the two Cshsps were aligned to note the location and size of introns.
Comparative analysis indicated that Cshsp22.9b and Cshsp24.3 lacked introns, which is also true for Cshsp19.8 and Bmhsp20.4 and Dmhsp23 from Bombyx mori and D. melanogaster, respectively. However, some shsps do contain introns, and examples include Cshsp21.4 and Bmhsp21.4, which contain one and two introns, respectively (Fig. 4) .
Expression of Cshsps in various tissues or organs
Quantitative real-time PCR was used to study the expression of Cshsp22.9b and Cshsp24.3 in C. suppressalis larvae. The expression of the two Cshsps varied significantly among different tissues or organs (Cshsp22.9b-F 7,16 = 5.823, P = 0.002; Cshsp24.3-F 7,19 = 15.162, P = 0.001). Cshsp22.9b and Cshsp24.3 both showed the highest expression levels in the fat body (Fig. 5) ; expression of both genes was significantly lower in the foregut, midgut, hindgut, Malpighian tubules, head, epidermis, and hemocytes (Fig. 5) . The expression of Cshsp22.9b was 31.48-fold higher in the fat body than the hindgut, and Cshsp24.3 expression was 81.05-fold higher in the fat body than the Malpighian tubules (Fig. 5) .
Expression of Cshsps in response to thermal stress
Cshsp22.9b and Cshsp24.3 were both up-regulated by exposure to hot and cold temperatures (Cshsp22.9b, hot temperature-F 14,40 = 18.13, P < 0.001; cold-F 6,16 = 57.345, P < 0.001; Cshsp24.3, hot-F 14.40 = 30.764, P < 0.001; cold-F 6.19 = 40.412, P < 0.001). Both Cshsp22.9b and Cshsp24.3 responded similarly to thermal stress at Fig. 1 Nucleotide and deduced amino acid sequence of Cshsp22.9b from Chilo suppressalis. DNA extension primers and the primers used to obtain 5′/3′ sequences are underlined and arrowed from 5′ to 3′. The bold, thick horizontal line (amino acid residues 82-164) represents the conserved α-crystalline domain bordered by variable amino-and carboxyterminal regions. The V/P/I motif is bordered with a rectangular box temperatures ranging from −11 to 43°C (Figs. 6 and 7). At elevated temperatures, the expression level of Cshsp22.9b increased beginning at 33°C and then decreased significantly at 43°C (F 6,16 = 57.345, P < 0.001). The mRNA expression level of Cshsp22.9b increased by 142.25-fold after 2 h at 39°C and was 113.72-fold higher than the control (27°C) after 2 h at 42°C (Fig. 6a) . At lower temperatures, the expression of Cshsp22.9b was highest after a 2-h exposure to −3°C, and this level was 67.29-fold higher than the control (Fig. 6b) . Similarly, the expression level of Cshsp24.3 increased beginning at 33°C and then decreased significantly at 43°C (F 6.19 = 40.412, P < 0.001). The expression of Cshsp24.3 was increased by 118.31-fold and 113.85-fold after a 2-h exposure at 39 and 42°C, respectively (Fig. 7a) . At reduced temperatures, Cshsp24.3 expression was highest after a 2-h exposure to −3°C, which was 65.22-fold higher than the control (Fig. 7b ). This data indicated that the two Cshsps are more responsive to heat than cold stress. Interestingly, neither gene was induced by mildly cold or warm temperatures (F 14,40 = 18.13, P < 0.001; F 6.19 = 40.412, P < 0.001).
Discussion
Prior research has indicated that small heat shock proteins are deployed in diverse physiological processes, and one of the most well-established roles is to improve insect tolerance to extreme temperatures (Sun and MacRae 2005; Liu et al. 2012) . In this study, Cshsp22.9b and Cshsp24.3, two new members of the shsps family, were identified in C. suppressalis. The cDNA sequences of Cshsp22.9b and Cshsp24.3 contained ORFs that encoded 206 and 216 amino acids, respectively. The predicted CsHSP22.9b and CsHSP24.3 shared sequence similarity with sHSPs in other Lepidopteran insects. CsHSP22.9b and CsHSP24.3 shared low amino acid sequence similarity (less than 50%) and grouped in different clusters when analyzed by the neighborjoining method (Fig. 3) . Phylogenetic analyses indicated that CsHSP22.9b and BmHSP23.7 were related, whereas CsHSP24.3 clustered with Lepidopteran HSP19.8 (Fig. 3) . Cshsp22.9b and Cshsp24.3 lacking introns may favor the response to stress because no mRNA processing is required to slow transcript accumulation and/or be disrupted by stress (King and MacRae 2015) . In this respect, they resemble Cshsp19.8 but differ from Cshsp21.4 and Cshsp21.7a, which contain introns (Lu et al. 2014) . Previously, five small Cshsp genes were classified into two groups: an orthologous type containing introns (Cshsp21.4 and Cshsp21.7a) and a species-specific type lacking introns (Cshsp19.8, Cshsp21.5, and Cshsp21.7b) (Lu et al. 2014) . Our results suggest that the two genes described in this study, Cshsp22.9b and Cshsp24.3, are species-specific sHSPs since they both lack introns. Fig. 2 Nucleotide and deduced amino acid sequence of Cshsp24.3 from Chilo suppressalis. DNA extension primers and the primers used to obtain 5′/3′ sequences are underlined and arrowed from 5′ to 3′. The bold, thick horizontal line (amino acid residues 98-180) indicates the conserved α-crystalline domain; the V/P/I motif is demarcated with a rectangle
Although the role of sHSPs in insects is unclear, it has been suggested that sHSPs may be important in maintaining the normal functioning of organs and tissues (Gu et al. 2012) . The expression patterns of the two Cshsps varied significantly when analyzed in different tissues or organs (F 7,16 = 5.823, P = 0.002; F 7,19 = 15.162, P = 0.001). Both Cshsp22.9b and Cshsp24.3 exhibited the highest expression levels in the fat body, which provides energy necessary for insect growth, metabolism, and survival (due to its ability to store nutrients). It is tempting to speculate that Cshsp22.9b and Cshsp24.3 have roles in metabolism, particularly since similar results were found for sHSPs in Spodoptera litura and Apis cerana (Shen et al. 2011; Liu et al. 2012) . If the expression in the fat body is excluded, our results show that the two Cshsps were expressed at moderately high levels in the hemocytes (Cshsp22.9b) and epidermis (Cshsp22.9b and Cshsp24.3) (Fig. 5) . Hemolymph facilitates the transport of nutrients and temperature regulation, and it remains unclear why shsps should be highly expressed in either. It is plausible that shsps help protect hemocytes and epidermal cells from toxins and environmental Fig. 3 Neighbor-joining phylogenetic tree of Lepidopteran sHSPs. The C. suppressalis sHSPs are bordered by rectangles. Numbers on the branches represent bootstrap values obtained from 1000 replicates (only bootstrap values >50 are shown). Abbreviations, species, and accession numbers include BmHsp23.7 (Bombyx mori, BAD74198); DpHsp23.7 (Danaus plexippus, EHJ70499); GmHsp24.8 (Grapholita molesta, AKS40086); PaHsp23.7 (Pararge aegeria, JAA83494); BmHsp20.4 (B. mori, AAG30945); AsHsp20.8 (Actias selene, ALI87024); GmHsp21.4 (G. molesta, AKS40075); BmHsp20.1 (B. mori, ACM24346); BmHsp19.9 (B. mori, BAD74195); CsHsp21.5 (Chilo suppressalis, AGM90551); Dphsp19.8 (D. plexippus, EHJ68318); CpHsp19.8 (Cydia pomonella, ADX96000); DpHsp20.4 (D. plexippus, EHJ63989); DpHsp19.7A (D. plexippus, EHJ77540); PrHsp20 (Pieris rapae, AET10424); MbHsp19.7 (Mamestra brassicae, BAF03558); CsHsp21.7B (C. suppressalis, AGM90552); SeHsp19.5 (Sesamia nonagrioides, ACD01216); PaHsp20.4 (P. aegeria, JAA83513); OpHsp22.2 (Operophtera brumata, KOB71621); CfHsp19.8 (Choristoneura fumiferana, AAZ14792); GmHsp19.8b (G. molesta, AKS40085); CsHSP19.8 (C. suppressalis, AGC23337); BmHsp20.8 (B. mori, AAG30944); SiHsp19.6 (Sesamia inferens, AJA32867); SiHsp20.6 (S. inferens, AJA32865); SnHsp20.8 (Sesamia nonagrioides, ABC68342); BmHsp22.6 (B. mori, ACM24354); PaHsp20.1B (P. aegeria, JAA78314); CfHsp21.5 (C. fumiferana, AAZ14790); DpHsp19.8B (D. plexippus, EHJ69639); DpHsp19.7B (D. plexippus, EHJ74663); CpHsp22.2 (C. pomonella, ADX96002); GmHsp22.5 (G. molesta, AKS40083); PaHsp20.1A (P. aegeria, JAA92369); DpHsp19.8A (D. plexippus, EHJ63499); CfHsp19.9 (C. fumiferana, AAZ14791); CpHsp19.9 (C. pomonella, ADX96001); GmHsp19.9 (G. molesta, AKS40077); MbHsp20.7 (M. brassicae, BAF03557); DpHsp19.8 (D. plexippus, EHJ67067); PxHsp19.5 (Plutella xylostella, BAE48744); BbHsp19.4 (Biston betularia, ADO33017); and GmHsp18.9 (G. molesta, AKS40082) Fig. 4 Schematic representation of genomic DNA from several shsps genes. Horizontal lines and black rectangles are used to demarcate exons and introns, respectively. Cshsp, Chilo suppressalis; Bmhsp, Bombyx mori; Dmhsp, Drosophila melanogaster Fig. 6 Relative expression levels of Cshsp22.9b in Chilo suppressalis exposed to different temperatures. a Relative expression of Cshsp22.9b at elevated temperatures (27, 30, 33, 36, 39, 42, and 43°C) . b Relative expression of Cshsp22.9b at reduced temperatures (−11, −9, −8, −6, −3, 0, 3, 6, 9, 12, 15, 18, 21, 24 , and 27°C) Fig. 5 Relative mRNA expression levels of Cshsp22.9b and Cshsp24.3 in different tissues and organs of Chilo suppressalis. FG foregut, MG midgut, HG hindgut, FB fat body, MT Malpighian tubules, HE head, EP epidermis, HC hemocytes stressors (Gupta and Singh 1994; Zarah et al. 2016) . Interestingly, we previously demonstrated that five small Cshsps (Cshsp19.8, Cshsp21.5, Cshsp21.4, Cshsp21.7a, and Cshsp21.7b) were highly expressed in the Malpighian tubules or hindgut or head, which is clearly different from the expression patterns for Cshsp22.9b and Cshsp24.3 (Lu et al. 2014) . Thus, our results indicated that individual shsps can have distinctly different roles in insect physiology.
Temperature is one of the most important factors in determining the distribution and abundance of insects (Bale et al. 2002; Advani et al. 2016 ). When exposed to extreme temperatures, insects may respond in different ways, such as adopting behaviors to avoid or escape extreme temperatures or altering their physiology to better withstand them (Hoffmann and Parsons 1991) . Many reports have emphasized that thermal tolerance is largely due to the regulation and expression levels of genes encoding HSPs (Sørensen et al. 2003; Queitsch et al. 2002; Lu et al. 2015 ). In the current study, Cshsp22.9b and Cshsp24.3 were up-regulated by hot and cold temperatures, which is also true for Cshsp19.8 and Cshsp21.7b (Table 2 ). In response to heat shock, the mRNA levels of Cshsp22.9b and Cshsp24.3 were highest after a 2-h exposure to 39°C and declined at 42°C. Approximately, the mRNA levels of Sihsp19.6 and Sihsp20.6 in Sesamia inferens were significantly up-regulated by heat stress (Tang et al. 2015) . With respect to cold shock, both genes showed the highest expression levels after 2-h at −3°C. Similarly, hsp21.56 expressions in Harmonia axyridis (Coleoptera: Coccinellidae) was highest at −5°C (Wang et al. 2017 ). In addition, the expression of hsp19.7 was increased by cold acclimation for the non-diapausing larvae of C. suppressalis, but no increase in the diapausing larvae (Sonoda et al. 2006a ). In fact, Cshsp19.8 in our previous study is the same as hsp19.7. Also, Cshsp19.8 was up-regulated dramatically by cold for the non-diapausing larvae reared in an appropriate environment (Lu et al. 2014) . Interestingly, the temperature of highest expression in the two novel genes to cold shock is higher than Cshsp19.8 and Cshsp21.7b (Lu et al. 2014) . Realtime PCR analysis clearly indicated that the two Cshsps were more responsive to hot than cold temperatures, but Cshsp21.5 could only be induced by cold stress (Table 2) . However, neither Cshsp22.9b nor Cshsp24.3 was induced by mildly cold or warm temperatures, which is similar to the results Fig. 7 Relative expression levels of Cshsp24.3 in Chilo suppressalis exposed to different temperatures. a Relative expression of Cshsp24.3 at elevated temperatures (27, 30, 33, 36, 39, 42, and 43°C) . b Relative expression of Cshsp24.3 at reduced temperatures (−11, −9, −8, −6, −3, 0, 3, 6, 9, 12, 15, 18, 21, 24, and 27°C) reported for genes encoding specific sHSPs in Liriomyza sativa and Lucilia cuprina (Concha et al. 2012; Huang et al. 2009 ). There are also temperature-insensitive genes, such as Cshsp21.4 and Cshsp21.7a, according to previous research (Table 2 ) (Lu et al. 2014) . The overexpression of genes encoding HSPs may have a detrimental effect on the organism; thus, it is critical to balance expression with respect to the cost/benefit ratio for survival (Krebs and Feder 1998; Sørensen et al. 2003) . In order to maintain balanced expression, C. suppressalis may differentially regulate the expression of shsps in response to thermal stresses. Future studies on sHSP functionality at the protein level are clearly needed to better understand the role of sHSPs in insect physiology. Our ongoing research on C. suppressalis sHSPs will provide further insight regarding the adaptability of insects to diverse environments.
